The James Webb Space Telescope (JWST) consists of an infrared-optimized Optical Telescope Element (OTE) that is cooled down to 40 degrees Kelvin. A second adjacent component to the OTE is the Integrated Science Instrument Module, or ISIM. This module includes the electronic compartment, which provides the mounting surfaces and ambient thermally controlled environment for the instrument control electronics. Dissipating the 200 watts generated from the ISIM structure away from the OTE is of paramount importance so that the spacecraft's own heat does not interfere with the infrared light detected from distant cosmic sources. This technical challenge is overcome by a thermal subsystem unit that provides passive cooling to the ISIM control electronics. The proposed design of this thermal radiator consists of a lightweight structure made out of composite materials and low-emittance metal coatings. In this paper, we will present characterizations of the coating emittance, bidirectional reflectance, and mechanical structure design that will affect the performance of this passive cooling reflector.
INTRODUCTION
The James Webb Space Telescope, JWST, is the successor of the Hubble Space Telescope; it has been primarily designed to observe the infrared light from faint and very distant objects. The Integrated Science Instrument Module, or ISIM, in the JWST observatory is the platform which provides the mounting surfaces for the instrument control electronics. As Fig. 1 shows, JWST uses a large deployable sunshield that divides the observatory in two thermal regions: a warm (300 K) region on the sun side and a cold (< 40K) anti-sun side that includes the telescope and instrumentations. Harness length considerations require that a number of ambient-temperature electronics are situated on the cold side of the sunshield. Among those is the ISIM Electronics Compartment (IEC), which is a major source of heat (∼ 200 Watts) on the cool side of the sunshield. It is therefore critical to control and radiate as much of this heat away from the sunshield as possible. It is for this purpose that the IEC baffle assembly has been designed.
1 Figure 2 shows the angle control requirement for the IEC baffles that are required to minimize the fraction of emitted energy hitting the back of the ISIM, and the sunshield. The proposed thermal radiator design consists of lightweight composite materials and low-emittance metal coatings. In this paper, we will present characterizations of the coatings and thermal structure developments of this radiator system. 
Optical Telescope

JWST IEC BAFFLE ASSEMBLY
The need to have lateral control in the emission direction of the IEC radiators led to the development of a directional baffle design that uses multiple curved mirror-like surfaces.
2 This concept started out from the so-called Winston non-imaging optical concentrators that use opposing parabolic reflector surfaces, where each parabola has its focus at the opposite edge of the exit aperture. For this reason they are often known as compound parabolic concentrators or CPC.
3 A schematic ray-tracing illustrating how these surfaces may provide directional control of the emission directions is shown in Fig. 3 . As this figure shows, a ray bundle of energy that enters parallel to optical axis SK is reflected by parabolic surface SR onto focal point M. Conversely, the opposite parabolic surface MK focuses radiation onto focal point S. The two surfaces combined define a collection angle range where rays that lie within this range are collected along the receiver strip SM, and conversely, rays that fall away from this collection angle range are rejected away. Figure 4 illustrates a modified CPC structure that is adapted for use in the IEC directional baffles. 1 The first thing to notice is this CPC structure is used in reverse mode relative to the one shown in Fig. 3 . Here, the goal is to radiate heat away that is generated at the radiator strip SN. Secondly, this design shows an additional "virtual" radiator strip (labeled as line SM) that is a tilted version analogous to the receiver strip shown in Fig. 3 . This modification is achieved by adding a circular surface at the bottom between the radiator strip and parabolic focal point M. This way, radiation that is generated at the radiator strip SN is specularly reflected by this circular section and radiated out by the adjacent parabolic surfaces and out through the emission angle range.
This radiator system with the circular section was chosen for the IEC reflectors because it offers two advantages over other designs. The first one is that the area of the reflector strips for a given radiator area is less, which results in a lower mass baffle assembly. Secondly, the fraction of energy emitted by the radiator strips and subsequently reflected by the baffle is less. These fewer reflections reduced the amount of energy that is absorbed and eventually re-emitted, typically in a direction outside the design emission range angle. Fig. 4 . A baffle frame holds the mirrors in position above a radiator panel on the IEC. Together, these will direct the majority of the heat from the IEC above the sunshield away towards empty space.
Limitation of Baffle Performance
There are inherent limitations to the radiation emitting properties of a baffle system as described previously. The first one is the so-called Etendue of an optical system which characterizes the spreading of light in terms of area and angles. 4 This in turn controls the amount of light that can be transmitted through an aperture. In addition to this fundamental limit, there are other factors that degrade the performance of a directional baffle. Among those:
• The area of the structure that may be used to support the reflector surface perimeter frame in the case of the IEC bafflesdetracts from the available entrance and exit areas.
• The skewed shape of the reflectors results in the exit aperture being offset from the entrance aperture. This offset reduces the available entrance and exit areas.
• The reflector surfaces are not perfect mirrors.
• Thermal emissions from the reflector surfaces and the structure used to support the reflectors general go in undesired directions. For the IEC directional baffles, this effect is minimized by fabricating the baffle housings from low thermal conductivity materials, mounting the baffle assemblies to the radiator panels using insulating inserts or washers, and covering the housing with a low-emittance coating. Figure 6 illustrates how surface defects and contamination act to scatter energy in undesired directions. The control of the stray infrared radiation is a primary concern for the telescope so that it can maintain its sensitivity.
Given that the reflectors are made from a composite material that is later coated with a layer of gold to provide nearly specular reflectance, the rest of the paper will be devoted to study the surface morphology of such material. These studies are for the purpose of establishing the specular behavior and hence the directionality of reflectance exhibited by these mirror surfaces. Among the studies carried are micro-roughness, reflectance, both specular and hemispherically diffused, and finally BRDF data obtained on a prototype samples made for this purpose. Figure 7 depicts how the IEC baffle assembly system is formed. It consists of a frame made from a low-thermal conductivity material that is used to support multiple reflector cells. The assembled system is as shown on the right side of this figure. The reflector cells (shown with the proper curvature in Fig.4 ) are made from a carbon fiber reinforced polymer (CFRP) material. The mirrors are fabricated with a carbon fiber fabric embeded in an epoxy resin. These parts are made by layering sheets of carbon fiber cloth into a mold in the shape of the final product. The alignment and weave of the cloth fibers is chosen to optimize the strength and stiffness properties of the resulting material. To reduce the fiber print-through, a scrim layer is added over the top of the material and the mold is then filled with the epoxy resin and is heated or air cured. The resulting part is very corrosion-resistant, stiff, and strong for its weight. Therefore, this material turns out to be an excellent choice for reducing the overall weight of the assembly and ease of fabrication.
BAFFLE SYSTEM
Once the CFRP reflector cells are made with the proper surface curvature, they are coated with a 1000 A gold layer over a chromium preparation surface. This Cr layer is applied for adhesion of the gold to the CFRP surface. The challenge in fabricating the CPC from a CFRP material for reflecting surfaces is that of maximizing the specularity of the reflecting surfaces while maintaining a reasonable budget and timescale. The next section will discuss in more details characterization of the surface properties such as microroughness, specular and diffused reflectance, emittance, and finally Bidirectional Reflectance Distribution Function (BRDF) data on witness samples of this material.
Microroughness Data
Two-dimensional surface scans of the gold-coated CFPR samples were done using a KLA-Tencor P-10 stylus profilometer. These scans provided a measure of the surface topography. The stylus, which has a 2µm tip is held at a fixed surface position, and the sample is scanned on a precision translation stage to make measurements. Figure 8 shows a typical surface profile performed on one of the samples. Both the micro-roughness and the print-through in the material contributed to the variations in the surface profile, as seen in Fig. 8 . The microroughness composes the random component in the profile, while the print-through composes primarily the repetitive variations due to the underlying fabric structure in the scrim material. The separation in these two is achieved by applying a short-and a long-wavelength cut-off of 2 µm and 300 µm respectively. These filters defines a bandwidth that yields a roughness RMS (R q ) of 900ÅṪhis is derived from the formula:
where Z is the tip vertical position. The periodic feature seen in the data, which is separated from the random roughness is defined as a waviness structure. This has a RMS height of 2700Å and a period of roughly 1 mm. As mentioned earlier, this corresponds to the fiber print-through in the CFRP surface. Part of the challenge in manufacturing reflector cells that would have a high-degree of specularity is to minimize these print-through to levels that may not contribute to undesired stray light in the baffle system. Three-dimensional images of the CFRP surfaces were obtained using a ADE Phase-Shift surface profiler (MicroXAM model). This is a phase-sensitive, interferometer-based, and non-contact instrument capable of providing highly reproducible surface mapping information at various magnification levels. It consists of an optical microscope with eyepieces and video display of images with a high resolution camera. A representative image taken with this instrument is shown in Fig. 9 . The surface roughness parameters derived from this image are shown at the bottom. For this sample, the RMS roughness value R q is around 911ÅṪhis is in very good agreement with the results obtained with the stylus profilometer data shown in Fig. 8 . Several bright yellow lines seen in Fig. 9 appear to be tiny surface scratches that may result from a post-processing polishing done on these surfaces.
Specular and Diffused Reflectance
We now turn our attention to reflectance data collected on these gold-coated CFRP witness pieces. We measured the wavelength-dependent reflectance using a Perkin-Elmer Lambda 950 spectrophotometer. This instrument has a spectral coverage spanning a wide wavelength range that includes the UV/Vis and Near-Infrared spectral regions (200−3100nm). The near-normal (8
• angle of incidence) specular reflectance was measured with the aid of a Universal Reflectance Accessory (URA) that permits absolute measurement without the need of using a reference standard. The total hemispherical diffused reflectance (specular excluded) was obtained using a 60 mm integrating sphere accessory. This accessory too provides absolute results without the necessity of employing a reference standard except to define the instrument's 100% baseline. In either case, the reflectance data were obtained with a 2 nm spectral resolution and an absolute photometric accuracy estimated to be around ± 1%. The results of these measurements are shown in Fig. 10 . This figure shows that indeed the reflectance data have a mostly specular component. However, when compared to the expected reflectance of a 100-nm film of gold (red dots), we observe a 10−15% loss that steadily increases at shorter wavelength. That this light is neither transmitted nor absorbed is indicated by the measured diffused data (dash line type) in Fig. 10 . These data were collected by placing the coated composite at the integrating sphere sample port at a 0
• angle of incidence relative to the incoming beam. This configuration allowed that the nearly specular reflected light within a narrow solid angle would exit out of the sphere. Hence, only the scattered light would be collected and measured by the integrating sphere detector. It is worth pointing out that the microroughness results reported in Sect. 3.1 would provide a source of scattering when the wavelength of the light is comparable to the surface RMS roughness parameter. 5 This means that reflectance would start to be affected by surface scattering at wavelengths in the Near-Infrared and visible ranges as the data in Fig. 10 suggest. Therefore, and since the IEC baffle reflector will be used reflect mostly ambient-temperature light whose blackbody spectrum is peaked at around 10µm, the reflectance/emittance characteristics of the composite coatings would have to be studied at those wavelengths. Hence, next section would provide normal emittance results along a brief description of the apparatus used to obtain these data. Finally, a comparison would be made to the results of a standard gold sample.
Normal Emittance Results
The emittance of the gold plated composite samples were measured using a Gier-Dunkel Model DB-100 Infrared Emissometer/Reflectometer. The sample is kept at room temperature (∼ 20
• C) and placed over an opening through which it alternately (∼ 13 Hz) views two black body cavities, at near-normal incidence. These are heated slightly above room temperature, and differ from one another in temperature by about 15
• C. Standard high-reflectance and low-reflectance samples are used to calibrate the instruments 100% baseline scale. The reflectance of the unknown composite sample is measured relative to and corrected by these known standard reference samples. The instrument produces a single number; integrated reflectance (R) that is weighted for a room temperature black body in the 2−40µm range. The normal emittance is readily calculated from this reflectance by using the Kirchhoff's relation:
where it is assumed the sample is completely opaque (transmittance T = 0) and that in thermal equilibrium, κ = ε where κ is the absorption coefficient. Finally, and for a regular metal like gold, the hemispherical emittance can be obtained from the normal emittance of Eq. 2 by simply multiplying the latter by a factor of 1.3. Table 1 displays a series of values taken with the DB100 instrument of several gold-coated CFRP witness coupons. The average normal reflectance is calculated to be around 0.951 (normal emittance 0.049). This number is more than a factor 2 larger (in normal emittance units) when compared to values of evaporated gold film, which has a measured typical emittance of around 0.02. But simulation analysis of the baffle performance assuming a 0.04 normal emittance gives indication of acceptable performance at these emittance levels. 
BRDF Results
In general terms, the bi-directional reflectance distribution function (BRDF)is defined as the ratio of the radiance scattered by a surface into a specified direction to the unidirectional (collimated) irradiance incident on a surface.
6
This is expressed as
where E i represents the incident power and L o is the reflected power per unit solid angle.
It had been proposed earlier in the pioneering work of Nicodemus, 7 that the BRDF in Eq. 3 may be written in terms of the ratio of infinitesimal quantities, such as This of course cannot be directly measured in practice. However, it can be deduced from scatter measurements. Figure 11 shows BRDF data obtained with one of the Au-coated CFRP coupons. These data were collected by illuminating the sample surface at an angle of 20
• (relative to the surface normal vector) and measuring the angular distribution of the reflected light in and around -20
• . Again, these data suggest that light scattering due to surface roughness is affecting the specularity of light reflected by the sample. This is confirmed by a slightly narrower angular distribution of the reflected light at the 900 nm wavelength, when compared to the results at 633 nm. This narrowing at 900 nm is most likely a result of the wavelength dependence of the surface micro-roughness. This indicates that surface scattering will be suppressed even further in the thermal infrared region of the spectrum, and hence having a much less diffused reflectance at those longer wavelengths.
CONCLUSIONS
In conclusion, we have presented a general description of the baffle radiator design that has been proposed for radiating out heat (∼ 200 Watts) generated by the ISIM Electronic Component (IEC) unit. This is a critical aspect in the operation of the JWST mission given that the IEC will sit in the "cool" side of the JWST sunshield assembly. A proposed IEC radiator baffle will consist of a frame and a series of reflector cells made out of a composite material that are plated with a standard gold overcoat film to give them a mirror-like specular reflectance. We have presented surface morphology data as well as reflectance and emittance data that show the suitability of reflector cells made from the CFRP composite sample to have the proper directionality of the IEC baffle reflector system at the appropriate wavelengths corresponding to room-temperature blackbody spectrum peaked near 10µm .
